Highlights {#S0001}
==========

The *azurin* gene was highly conserved and present in all clinical strains of *P. aeruginosa*.Global analysis of *azurin* gene sequence indicated 97.3% similarity among the 168 sequences.The expression of the *azurin* gene was significantly higher in the strains from systemic infections.Azurin probably affects the pathogenicity and capability of the bacterium for dissemination.

Introduction {#S0002}
============

*Pseudomonas aeruginosa* is an opportunistic pathogen.[@CIT0001] Clinical infections of *P. aeruginosa* are usually related to the immune system compromised situations such as burns, AIDS, cancer and cystic fibrosis.[@CIT0001] *P. aeruginosa* is frequently recognized as an inhabitant of chronic non-healing wound infections which cause high morbidity and mortality, especially in burn patients, despite antibiotic therapy.[@CIT0002]

Several virulence factors are involved in *P. aeruginosa* infection and pathogenesis. Among them, azurin is a cupredox protein called blue-copper protein which is located in the periplasmic and cytoplasmic space and which has proven different biological functions.[@CIT0003] Azurin is involved in the electron transfer within denitrification process and anaerobic biofilm formation in *P. aeruginosa* in cystic fibrosis patients.[@CIT0004],[@CIT0005] This protein probably gives the bacterium the capacity to evade the immune system via induction of p53-mediated apoptosis in macrophages and provides bacterial ability to escape from the immune system.[@CIT0006],[@CIT0007] Azurin is also involved in Cu uptake and hemostasis in *P. aeruginosa*, while the lack of Cu^+^-ATPase induces an increase in *azu* transcription.[@CIT0003],[@CIT0008] This protein is involved in cytoplasmic oxidative stress and anaerobical respiration.[@CIT0006]

The azurin protein structure has similarity to the variable domains of the immunoglobulin superfamily members (Ig superfamily).[@CIT0009] This protein has antitumor,[@CIT0010] antiparasitic (against *Plasmodium falciparum* and *Toxoplasma gondii*) and anti-HIV[@CIT0009],[@CIT0011] properties associated with different domains of the protein. The P18 (amino acids 50--67) is the azurin transport domain (PTD) which is responsible for its penetration into cancerous cells and P28 (amino acids 50--77) is a functional region which interacts with the DNA-binding domain of p53, preventing its proteasomal degradation, enhancing its levels and Bax protein, then resulting in the release of mitochondrial cytochrome *c* into the cytosol and apoptosis.[@CIT0010] Azurin also can bind to *Eph* receptor tyrosine kinase and VEGFA (vascular endothelium growth factor A) in cancerous and endothelial cells and inhibits the progression of cell cycle and angiogenesis, respectively.[@CIT0012]--[@CIT0015]

Azurin and its derivatives can attach to the surface antigen SAG1 in *T. gondii*, the C-terminal of the merozoite surface protein 1 (MSP1) in *P. falciparum*, gp120 in HIV-1, and the dendritic cell-specific adhesion receptor DC-SIGN and mimics the function of the intercellular adhesion molecule ICAM-3 and suppresses *T. gondii* adhesion and *P. falciparum* and HIV-1 growth in peripheral blood mononuclear cells.[@CIT0009],[@CIT0011] The antibacterial properties of azurin (as an inhibitor of growth, biofilm formation, adhesion and invasion) against different epithelial and intestinal bacterial pathogens was determined in our previous studies.[@CIT0016],[@CIT0017] Therefore, azurin acts like a scaffold protein and possesses high affinity to interact with different molecules using distinct regions.[@CIT0018] These characteristics make it a proper candidate of therapeutic peptides for oncotherapy and antimicrobial purposes. Despite the information available about the effects of azurin against cancerous cells and different microorganisms, there is limited information on its role in *P. aeruginosa* pathogenesis and virulence.

It was demonstrated that physiological conditions and mutations or deletions in the *azurin* gene lead to loss of azurin production in some *P. aeruginosa* isolates.[@CIT0018],[@CIT0019] The main objective of the present study was to determine the genetic variation within the *azurin* gene sequence of *P. aeruginosa* from different clinical specimens as a possible factor in the progression of bacterial pathogenesis and to determine the probable correlation between *azurin* gene frequency, expression and nucleotide sequence variation with the site of infection and geographical origin of strains. Moreover, nucleotide polymorphism analysis of globally reported *azurin* gene sequences was also intended.

Materials and Methods {#S0003}
=====================

Collection and Identification of *P. aeruginosa* Isolates from Different Clinical Specimens {#S0003-S2001}
-------------------------------------------------------------------------------------------

In this study, 133 *P. aeruginosa* strains were isolated from burned patients admitted to two major university hospitals in Tehran and Isfahan provinces in Iran from May to October 2016. The strains were isolated from wound, tissue (deep wound), blood (patients with both wound and systemic infections), and genitourinary catheters (patients with both wound and urogenital infections) of burned patients (with Degree III burn) and identified in the hospitals laboratories using biochemical tests. All patients fulfilled the criteria of nosocomial infection with no initial infection prior to admission.

The isolates were transferred to the laboratory of Tarbiat Modares University and subjected to re-identification and confirmation by phenotypic tests including Gram staining, catalase, oxidase, citrate, triple sugar iron agar (TSI), oxidative-fermentative test, growth at 42°C, methyl red/Voges Proskauer (MRVP), sulfur indole motility test (SIM), and pigment production on Muller Hinton agar (MHA)[@CIT0020] and further confirmed by molecular methods using specific polymerase chain reaction (PCR) for 16s rDNA of *P. aeruginosa*. The primer sequences were species-specific and encompassed variable regions (V2 and V8) of 16S rDNA.[@CIT0021] All culture media were purchased from Merck, Germany, and in all assays, *P. aeruginosa* ATCC27853 was included as standard control.

Antimicrobial Susceptibility Testing (AST) {#S0003-S2002}
------------------------------------------

Antibiotic susceptibility test was performed by the Kirby--Bauer method on MHA (Merck, Germany), according to the Clinical Laboratory Standard Institute (CLSI) guidelines.[@CIT0022] The antibiotics were chosen from different groups including: ciprofloxacin (5 μg), amikacin (30 μg), gentamicin (10 μg), tobramycin (10 μg), colistin (10 μg), ceftazidime (30 μg), aztreonam (30 μg), imipenem (10 μg), cefotaxime (30 μg), cefoxitin (30 μg), ticarcillin (75 μg), piperacillin (100 μg), and piperacillin/tazobactam (100/10 μg) (Mast, England). Resistance to three or more antibiotic groups was considered as multidrug-resistant (MDR).[@CIT0023]

Alignment and In Silico Analysis of *Azurin* Sequences from GenBank {#S0003-S2003}
-------------------------------------------------------------------

The complete sequences of *azurin* gene plus flanking regions from whole genome sequence of 108 *P. aeruginosa* strains (95 strains from clinical specimens such as bacteremia, pneumonia, and burn infections; and 13 strains of environmental origin such as marine, hospital wastewater, and dental clinic wastewater) with defined source and region were selected and acquired from NCBI GenBank ([<http://www.ncbi.nlm.nih.gov/>]{.ul}) ([Table 1](#T0001){ref-type="table"}). Multiple sequence alignment was carried out using CLC Sequence Viewer software Ver. 7.6 (CLC, Denmark). The 3ˈ and 5ˈ flanking regions were composed of very diverse sequences (with 65% similarity), which made it impossible to achieve a conserved sequence for designing a primer pair which could anneal and amplify whole *azurin* gene sequence in all of the isolates. The aligned sequences were used to design a primer pair which could anneal and amplify a conserved region from the very beginning to the end of *azurin* gene. The primers were designed by Gene Runner and CLC Sequence Viewer software. The designed primers were analyzed by Primer-BLAST on NCBI ([<http://www>]{.ul}.ncbi.nlm.nih.gov). Schematic representation of *azurin* gene sequence and primers position are depicted in [Figure 1](#F0001){ref-type="fig"}, and the primer pairs' sequences are displayed in [Table 2](#T0002){ref-type="table"}.Table 1GenBbank Extracted *Azurin* Gene Sequences Analyzed in This StudyOriginNumber of StrainsSpecimen SourceClinicalEnvironmentalUSA49481Singapore14113Colombia11--Brazil66--Norway11--Japan312Canada22--India44--Vietnam3--3Netherlands33--China734Korea33--Mexico77--Germany11--Sweden11--Switzerland33--Total1089513 Table 2Primer Sequences Used in This StudyTarget GenePrimer Sequence (5ʹ →3ʹ)PCR Product Size (bp)ReferenceAmplification Assay*azurin*F: CCATGCTACGTAAACTCGCTGCGG\
R: CTTCAGGGTCAGGGTGCC446This studyPCR*azurin* (Blu)F: GGTGGACATCCAGGGTAACG\
R: ATGACGTTCTTCGGCAGGTT120This studyReal time-PCRrpsl (Ribosomal protein S12)F: GCAAGCGCATGGTCGACAAGA\
R: CGCTGTGCTCTTGCAGGTTGTGA201\[[@CIT0023], [@CIT0024]\]Real time-PCR Figure 1The schematic representation of *azurin* gene and flanking regions. Position of primers for PCR amplification of *azurin* gene.

PCR Amplification and Sequencing of *Azurin* Gene {#S0003-S2004}
-------------------------------------------------

All genomic DNA was extracted from the isolates by YTA genomic DNA extraction mini kit (Yekta Tajhiz Azma, Iran) according to the manufacturer's instructions. DNA isolation procedure was performed in a room physically separated from the room applied for nucleic acid amplification reaction and also from the post-PCR room in order to inhibit or minimize contamination and false positive results. PCR amplification was performed using primers specifically designed for *azurin* gene ([Table 2](#T0002){ref-type="table"}).

The amplification assay was performed in a total volume of 12.5 μL containing 1 μL of purified DNA (20 ng), 6.5 μL of PCR Master-mix (Ampliqon, Denmark), and 0.5 μL of each primer (10 pM) using Bio Rad Thermal Cycler, Germany. The PCR steps included: an initial denaturation at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 40 s, annealing at 63°C for 45 s, extension at 72°C for 60 s, and a final extension at 72°C for 3 min. The products of PCR were run on electrophoresis by 1% agarose gel and visualized under UV doc apparatus. The amplified fragments of 59 MDR strains were selected (according to the isolate geographical region and clinical specimen type) and subjected to direct sequencing using Applied Biosystems (ABI) capillary sequencer (Macrogen, Korea).

Alignment and Sequence Analysis of *Azurin* Gene from *P. aeruginosa* Isolates {#S0003-S2005}
------------------------------------------------------------------------------

Sequences of *azurin* gene of 59 *P. aeruginosa* strains and *P. aeruginosa* ATCC27853 were delivered as Chromas format (Technelysium, Australia). The nucleotide sequence of each strain was deposited in the GenBank database and assigned a GenBank accession number (MK276543-- MK276602). The sequences were analyzed and aligned by CLC Sequence Viewer 7 (Qiagen, Denmark) and Gene Runner 6.5.46 (Softpedia, Romania) software. The phylogenetic tree was constructed for the *azurin* gene using UPGMA (unweighted pair group method with arithmetic mean) algorithm. *P. aeruginosa* strain PAO1 sequence, which was recorded in GeneBank (accession number AE004091.2), was included in alignment analysis as control. Diversity index was calculated by DI = 1 -- *n*(*n --* 1)/Ʃ*N*(*N --* 1).

Global Nucleotide Polymorphism of *Azurin* Gene {#S0003-S2006}
-----------------------------------------------

A total of 168 *azurin* gene sequences (59 *P. aeruginosa* isolates and standard *P. aeruginosa* ATCC27853 from this study and 108 *P. aeruginosa* strains from Genbank) ([Table 1](#T0001){ref-type="table"}) were compared and aligned by BioNumerics Ver. 7.6 (Applied Maths company, Belgium). The nucleotide changes, consensus blocks, similarities, amino acid translations and mutations were determined. The circular dendrogram and multidimensional layout were constructed using UPGMA method.

RNA Extraction and cDNA Synthesis {#S0003-S2007}
---------------------------------

In total, 40 isolates (including 39 clinical isolates and *P. aeruginosa* ATCC27853 as control) were subjected to total RNA extraction and cDNA synthesis based on the sequence analysis (Sequence Type), isolation location, and clinical sample type (blood, wound, tissue, and catheter). Total RNA was extracted from the isolates by YTA Total RNA Purification Mini kit (Yekta Tajhiz Azma, Iran) according to the manufacturer's protocol. The removal of genomic DNA was performed by DNase I- RNase free kit (Thermo Scientific, USA). The purity and quality of prepared RNA were assessed by measuring the optical density in 260/280 nm values and electrophoresis on agarose gel.

The cDNA synthesis was performed using cDNA synthesis kit (Yekta Tajhiz Azma, Iran). For this purpose, 100 ng of total RNA, 1 µL oligo (dT) 18 primer (50 µM), 1 µL random hexamer primer (50 µM), and DEPC-treated water up to 13.4 µL were added into a sterile, nuclease-free tube on ice. The mixture was centrifuged briefly and incubated at 70°C for 5 min. In the following cDNA Synthesis Mix, 4 µL 5x-first strand buffer, 1 µL dNTP (10 mM), 0.5 µL RNasin (40 U/µL), and 1 µL M-MLV were added into the microtube, centrifuged, and incubated at 37°C for 60 min. Finally, the reaction was terminated by heating at 70°C for 5 min. The quality of synthesized cDNA was evaluated by gel electrophoresis and reverse transcription PCR. The synthesized cDNAs were subjected to real-time PCR assay.

Real-Time PCR Analysis of *Azurin* Gene Expression {#S0003-S2008}
--------------------------------------------------

Relative-real-time PCR was performed to determine the expression level of *azurin* gene in different isolates of *P. aeruginosa* using the Light Cycler 96 Real-Time PCR system (Roche Life Science, Germany). Each PCR reaction was performed in a total reaction volume of 20 μL containing 12 μL of real-time PCR Master Mix (Amplliqon, Denmark), 1 μL cDNA template, 1 μL of each primer (Blu), and 5 μL distilled water. Primer designation and sequences are depicted in [Table 2](#T0002){ref-type="table"}. The qPCR was performed according to the following conditions: pre-incubation at 95°C for 5 min, 45 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 45 s, and extension at 72°C for 30 s. The analysis of melting pick was performed at 95°C for 5 min. In each sample, the same amount of RNA was used, which were converted into the cDNA and pipetted. Ribosomal protein S12 (Rpsl) mRNA expression was applied as the internal control for each sample (Dumas et al., 2006), and the ΔC~T~ (C~T~ target − C~T~ reference) and expression fold change were calculated for each sample according to the comparative C~T~ method (Pfaffl formula).[@CIT0025] Each real-time PCR reaction was performed in duplicate, and the standard deviation was calculated. The efficiency of real-time PCR was determined by amplifying a serial dilution of the template cDNA (10 folds) and calculating *E*= −1+10 ^(−1/slope)^.

Statistical Analysis {#S0003-S2009}
--------------------

The quantity of *azurin* gene expression in all clinical strains of different locations (Tehran or Isfahan), different clinical samples (wound, blood, tissue and catheter), and different sequence clusters was compared by one-way analysis of variance (ANOVA) statistical analysis test. The *t*-test analysis was used to compare azurin expression level between the clinical isolates and *P. aeruginosa* ATCC 27853. A *p*-value \<0.05 was considered as significant in all statistical analysis. The correlation between the sequence type and expression level of *azurin* gene was analyzed by Pearson test.

Results {#S0004}
=======

Isolates Collection and Identification {#S0004-S2001}
--------------------------------------

In this cross-sectional study, 133 isolates were collected from burned patients, among which 57 and 43% were from the major centers of burn patients in Tehran and Isfahan, respectively. The bacterial strains were isolated from blood \[7 (5.3%): 4 (5%) + 3 (5%)\], wound \[117 (88%): 67 (50%) + 50 (50%)\], tissue \[1 (0.7%): 1 (1%) + 0\], and catheter \[8 (6%): 4 (5%) + 4 (7%)\] of patients admitted to Tehran and Isfahan university hospitals, respectively. The blood specimens were obtained from patients with both wound and systemic infections, and catheter specimens were from patients with both wound and genitourinary urogenital infections due *P. aeruginosa*. All isolates (100%) were re-identified as *P. aeruginosa* by phenotypic tests and confirmed by species-specific 16s rDNA PCR amplification assay.

Antimicrobial Susceptibility Testing {#S0004-S2002}
------------------------------------

About 100% of the isolates were resistant to gentamicin, tobramycin, and cefoxitin. About 98.5% were resistant to ciprofloxacin, amikacin, and imipenem while 100% and 23.9% of the isolates were susceptible to colistin and ceftazidime, respectively. All strains were determined as MDR according to the criteria determined by CLSI.[@CIT0023]

Alignment and In Silico Analysis of *Azurin* Sequences from GenBank {#S0004-S2003}
-------------------------------------------------------------------

According to the results of the multiple sequence alignment method, primer pairs were designed to cover the whole *azurin* gene sequence at the position 5521667--5522112 in *P. aeruginosa* PAO1 (accession number: AE004091.2). This primer pair amplified the 446 bp amplicon, and the primer blast in NCBI indicated that the primers were specific for *P. aeruginosa azurin* gene.

Amplification and Sequencing of *Azurin* Gene {#S0004-S2004}
---------------------------------------------

Total isolates (100%) under study contained *azurin* gene, and it was possible to amplify 446 bp of the *azurin* gene ([Figure 2](#F0002){ref-type="fig"}). In this study, 59 strains isolated from blood (6, 10%), wound (47, 80%), tissue (1, 2%), and catheter (5, 8%) of patients were sequenced. After trimming the low-quality sequences at the ends, a region of 406 bp (which covered 5521700--5522105) was subjected to analysis. The sequence analysis of *azurin* gene revealed point mutations at eight positions located in nucleotides 51, 241, 243, 282, 297, 298, 304, and 306 ([Table 3](#T0003){ref-type="table"}). Mutation at four locations (241, 243, 304, and 306) resulted in different amino acid substitutions in two positions (threonine to alanine at position 81 and alanine to threonine at position 102 of amino acid sequences) ([Table 4](#T0004){ref-type="table"}). About 62.8% of the isolates from Tehran and Isfahan harbored mutations which resulted in amino acid substitution in two positions (81 and 102). Also, 37.2% of the strains contained mutations in nucleotides 241, 243, 304, and 306, resulting in amino acid substitution at two positions 81 and 102 (missense mutation): A and T at position 81 and T and A at position 102 ([Table 4](#T0004){ref-type="table"}). Generally, in addition, the amino acid sequence type (ST) to *P. aeruginosa* ATCC27853 and PAO1 there are 3 amino acid STs in our strains ([Table 4](#T0004){ref-type="table"}).Table 3Point Mutations Within the 446-Bp Segment of *Azurin* Gene in Iranian *P. Aeruginosa* Isolates in Relation to the Location of Isolation and Accession NumbersIsolationsAccession NumberProvinceMutation Position51241243282297298304306PAO1AE004091.2AACGTGGCATCC27853MK276602GGAGTGAA1MK276543TehranGGAATGAA2MK276544TehranGAAATGAA3MK276545TehranGACATGAA4MK276546TehranGACGCGAA5MK276547TehranGACGGGAA6MK276548TehranGACATGAA7MK276549TehranGACATGAA8MK276550TehranGACATGAA9MK276551TehranGACATGAA10MK276552TehranGACATGAA11MK276553TehranGACATGAA12MK276554TehranGACGCGAA13MK276555TehranGACATGAA14MK276556TehranGACATGAA15MK276557TehranGACATGAA16MK276558TehranGAAATGAA17MK276559TehranGACGTGAA18MK276560TehranGAAGCGAA19MK276561TehranGACATGAA20MK276562TehranGACATGGC21MK276563TehranGACGCGGC22MK276564TehranGACATGAA23MK276565TehranGACGCGAA24MK276566TehranGACATGGC25MK276567TehranGACATGGC26MK276568TehranGACGTGGC27MK276569TehranGACGTGGC28MK276570TehranGACGCGGC29MK276571TehranGACGCGGC30MK276572TehranGACACGGC31MK276573TehranGACATGGC32MK276574IsfahanGACGCGAA33MK276575IsfahanGACGCGGA34MK276576IsfahanGACGCGAA35MK276577IsfahanGACATGAA36MK276578I IsfahanAACGTGAA37MK276579IsfahanGACGCGAA38MK276580IsfahanGAAATGAA39MK276581IsfahanGAAATGAA40MK276582IsfahanGACGCGAA41MK276583IsfahanGAAGCGAA42MK276584IsfahanGACATGAA43MK276585IsfahanGGAGCGAA44MK276586IsfahanGACGCGAA45MK276588IsfahanGACATGAA46MK276589IsfahanAACGTGAA47MK276590IsfahanGGCGCGAA48MK276591IsfahanGGAGCGAA49MK276592IsfahanGGCATGAA50MK276593IsfahanGGCGCGAA51MK276594IsfahanGGCATGAA52MK276595IsfahanGGCGCAAA53MK276596IsfahanAACGTGAA54MK276597IsfahanGGAATGAA55MK276598IsfahanGGAGCGAA56MK276599IsfahanGGAGCGAA57MK276600IsfahanGACGCGAA58MK276601IsfahanGAAGCGAA59MK276588IsfahanGAAGCGAATotal sequenced isolates59 isolates and one *P. aeruginosa* ATCC27853 Table 4The Frequency of Amino Acid Substitutions Among Iranian Azurin Protein SequencesStrainsAmino Acids Substitution Site81102PAO1..T\....A..ATCC 27853..A\....T..37 strains (62.8%)..T\....T..11 strains (18.6%)..A\....T..11 strains (18.6%)..T\....A..Total59 isolates (100%) Figure 2PCR assay of *azurin* gene. Lanes 1--5: *P. aeruginosa* isolates, Lanes N and P: representatives of negative and positive controls. M: 100 bp DNA size marker.

The diversity index was calculated as 0.9 for the population. A dendrogram was constructed based on the sequences of *azurin* gene from 59 isolated strains, *P. aeruginosa* ATCC27853, and *P. aeruginosa* PAO1. The strains were spread in 19 STs (17 STs for Iranian strains and two STs for *P. aeruginosa* ATCC27853 and PAO1). It was shown that 15 (25%) and nine (15%) clinical isolates allocated in common sequence types (A and B, respectively) ([Figure 3](#F0003){ref-type="fig"}). Also, 58 and 50% of the strains from Tehran and Isfahan were distributed in common clusters (A, B, D, and E), while clusters C, G and F, H were specific for the isolates of Isfahan and Tehran, respectively. The strains distributed in cluster A were obtained from the wound (86%), blood (7%), and catheter (7%) samples. On the other hand, 80% and 20% of cluster A strains were collected from Tehran and Isfahan hospitals, respectively. Cluster B included the strains isolated from patients with wound infection (100%). This cluster\'s strains were isolated in greater numbers from Isfahan (67%) hospital.Figure 3UPGMA dendrogram of *P. aeruginosa* clinical strains based on the difference in the nucleotides of *azurin* gene sequences. *P. aeruginosa* ATCC27853 and PAO1 were used as control. Each strain is presented based on the geographical region of its isolation, clinical sample, and gene expression fold change. T: Tehran, I: Isfahan.

Nucleotide Polymorphism Analysis of Globally Reported *Azurin* Gene Sequences {#S0004-S2005}
-----------------------------------------------------------------------------

The alignment of 168 *azurin* sequences (59 Iranian clinical strains, 108 strains from GenBank, and *P. aeruginosa* ATCC27853) displayed 97.3% similarity using BioNumerics Ver. 7.6 (free trial version, Applied Maths Company, Belgium). The point mutations were shown in 23 nucleotides at different positions (51, 81, 114, 117, 124, 126, 169, 201, 241, 243, 255, 273, 282, 297, 298, 304, 306, 336, 342, 378, 418, 432, and 433). The nucleotide sequences were completely conserved in other parts. Only one nucleotide deletion was detected at position 170 in the BH9 strain from India.

The amino acid substitutions (missense mutation) were determined at positions 81 (alanine to threonine) in 93% of isolates, position 99 (valine to isoleucine) in 1% of isolates and position 102 (threonine to alanine or threonine to serine) in 68% and 3% of isolates, respectively. The deletion of nucleotide in BH9 resulted in frameshift and undetermined protein sequence.

Global analysis of nucleotide polymorphism of *azurin* gene revealed a total of 26 STs among the *P. aeruginosa* strains according to the circular dendrogram ([Figure 4](#F0004){ref-type="fig"}). The results showed that 59 strains from Iran were distributed in 17 STs, 65 strains from America (USA, Canada, Mexico Brazil, and Colombia) were spread in nine STs, 29 strains from Asia (China, Japan, Korea, Singapore, Vietnam, and India) belonged to seven STs, and nine strains from Europe (Norway, Netherlands, Sweden, Switzerland, and Germany) were distributed in four STs.Figure 4Circular dendrogram according to the global analysis of nucleotide polymorphism of *azurin* gene among *P. aeruginosa* strains. C and E next to the ID of the isolates determine the clinical and environmental sources of isolates. The geographical origin of the isolates is displayed using different colors.

Among the Iranian strains, 48 (81%) strains belonged to two major clusters, and 11 (\~19%) strains were distributed in different clusters together with the strains from different countries of North and South America, Europe, South and East Asia ([Figure 4](#F0004){ref-type="fig"}). Also, 13 environmental strains were located in five STs within the same clusters where the clinical strains were located ([Figure 4](#F0004){ref-type="fig"}).

Multidimensional layout of global analysis of *azurin* gene in different isolates of *P. aeruginosa* showed that all the isolates were originated from a common ancestor and branched in two main stems, while two strains (CR1 from USA and AR-356 from India) were completely separated from the others ([Figure 5](#F0005){ref-type="fig"}).Figure 5The multidimensional layout of global analysis of *azurin* gene in different isolates of *P. aeruginosa* according to UPGMA algorithms.

Real-Time PCR Analysis {#S0004-S2006}
----------------------

The purity of each extracted RNA was determined as 1.80--2 by calculating OD260/280 nm, and its quality was confirmed by gel electrophoresis and RT-PCR (data not shown). The amplification picks and melting curve analysis of products in real-time PCR are depicted in [[Figure S1a](https://www.dovepress.com/get_supplementary_file.php?f=248043.pdf)]{.ul} and [[S1b](https://www.dovepress.com/get_supplementary_file.php?f=248043.pdf)]{.ul}, respectively (supplementary data). No non-specific product and primer dimer were detected at melting temperature of approximately 84°C. Primer efficiency was calculated as 1.96 ([[Figure 1Sc in supplementary data](https://www.dovepress.com/get_supplementary_file.php?f=248043.pdf)]{.ul}).

The expression level of *azurin* gene in different isolates is presented in [Figures 3](#F0003){ref-type="fig"} and [6](#F0006){ref-type="fig"}. The expression level of *azurin* gene in different Iranian clinical strains was statistically different from its expression level in *P. aeruginosa* ATCC27853 (*p*\< 0.001) and was 0.015--4.3-fold higher. The *azurin* gene expression level in the strains isolated from blood was 1.28--4.3-fold higher than in the standard strain, while the expression level in the strains isolated from wound, tissue, and catheter was 0.015--0.91-fold higher ([Figure 3](#F0003){ref-type="fig"}). These results showed that the expression level of *azurin* gene was statistically higher in the strains isolated from blood, compared with the strains of other clinical origin (*p*\< 0.001). There was no significant difference regarding the expression level of azurin between the strains of two provinces (Tehran and Isfahan) (*p*\> 0.05).Figure 6The fold change of *azurin* gene expression in different *P. aeruginosa* clinical strains isolated from different specimens (wound, blood, catheter, and tissue). \**p*\< 0.001.

The Pearson correlation test displayed that the expression level of *azurin* gene was not affected by the nucleotide sequence changes in this gene.

Discussion {#S0005}
==========

In this study, 100% of isolates were susceptible to colistin, which means that this antibiotic is effective for treatment of infections caused by MDR *P. aeruginosa*. According to CLSI guidelines colistin could be used in antimicrobial assay and probably treatment of MDR *P. aeruginosa*.[@CIT0022] Moreover, colistin has been reported to be effective against MDR infections in several literatures in this field,[@CIT0026]--[@CIT0028] although the use of polymyxins (colistin) should be optimized for dosage administration and indications, in order to maximize effectiveness, prevent the emergence of further polymyxin resistance and reduce adverse effects.[@CIT0029] In the study performed by Sabuda et al. (2008), the intravenous and nebulized colistin was effective for treatment of MDR *P. aeruginosa*, with mild toxicity in kidneys of two-third of patients.[@CIT0026]

In this study, *azurin* gene was detected in 100% of 133 clinical strains under study, while Sereena and colleagues (2016) reported the presence of this gene in 80% of the strains of environmental origin.[@CIT0014] In another study by Sarwar et al. (2018), the frequency of *azurin* gene in environmental strains was determined as 25%.[@CIT0030] These findings signify its putative role in the biology of clinical strains and probably disease development in clinical strains.

Sequence alignment and *azurin* gene analysis in *P. aeruginosa* strains in this study displayed the presence of eight point mutation sites, of which four resulted in amino acid substitution at two locations (81 alanine to threonine and 102 threonine to alanine) (missense mutation) ([Tables 3](#T0003){ref-type="table"} and [4](#T0004){ref-type="table"}). Similarly, the amino acid substitution in *azurin* sequence were detected in positions 81 and 102 in studies reported from different parts of the world.[@CIT0033]--[@CIT0035] Alanine and threonine are structurally different with an extra OH group in threonine (polar amino acid). This is compatible with the preference of alanine (as a hydrophobic amino acid) to form a helical structure and the preference of threonine (as a polar amino acid) to support beta-sheet structures.[@CIT0031] Of course, as the structure of azurin is a complex of alpha helixes and beta sheets, it seems that these amino acid substitutions have no great impact on protein structure and function. In the same study by Nguyen et al. (2019), point mutation and amino acid substitutions were detected, none of which affected the azurin function.[@CIT0032]

In the constructed dendrogram based on the sequence analysis of *azurin* gene in clinical isolates ([Figure 3](#F0003){ref-type="fig"}), the isolates were classified in 19 STs and nine (A--H) clusters, considering *P. aeruginosa* PAO1 and *P. aeruginosa* ATCC27853 as standard strains. Also, 25% and 15% of the isolates belonged to clusters A and B, respectively. The Diversity Index was calculated as 0.9 for total population. In addition, 58% and 50% of the strains from Tehran and Isfahan were included in common clusters (A, B, D and E), while clusters C, G, and F, H were restricted for Isfahan and Tehran strains, respectively, which may show the dissemination of specific *azurin* sequence types in each province. According to the distribution of the strains from different clinical specimens (blood, wound, catheter and tissue) in common clusters such as A and B, it was assumed that *azurin* ST type has no effect on the site of infection. About 80% and 20% of cluster A strains were collected from Tehran and Isfahan hospitals, respectively, and 67% of cluster B strains were isolated from Isfahan. The frequency of distribution of ST types based on the geographical region in different clusters demonstrates the possible role of geographical area on the ST distribution.

Due to limited point mutations and considering the fact that only purine:purine and pyrimidine:pyrimidine conversions were observed in nucleotides, it seems that *azurin* gene is structurally and functionally conserved in clinical strains and may be considered a useful tool for the detection of clinical isolates of *P. aeruginosa*. In the study performed by Nguyen et al. (2019), the sequences of *azurin* gene from the metagenomic DNA sample and *P. aeruginosa* isolates were analyzed and five point mutations at (51, 282, 297, 305, and 432) were determined. The first mutation was located in the signal peptide region and the other mutations did not affect the three main domains of azurin protein. They concluded that mutations in the mature peptide did not interfere with azurin protein structural properties.[@CIT0032]

Kamalakannan et al. (2011) examined the primary and secondary structure of azurin protein and its phylogenetic relatedness in various species of *Pseudomonas*. Their results showed differences in molecular weight and amino acid composition of azurin in different species; however, phylogenetic analysis indicated that azurin protein of various *Pseudomonas* species originated from a common ancestor.[@CIT0036] Their study results strengthened our hypothesis about *azurin* gene conservation in *P. aeruginosa* species.

The global analysis of *azurin* gene sequences among the 168 strains of *P. aeruginosa* (59 sequences from Iranian clinical strains and 108 Genbank registered sequences) displayed point mutations in 22 nucleotides, resulting in amino acid substitution (missense mutations) at three positions: 81 (alanine to threonine), 99 (valine to isoleucine), and 102 (threonine to alanine/serine). The sequence alignment and analysis indicated 97.3% similarity among the 168 sequences with a clear distinct lineage for Iranian sequences ([Figure 4](#F0004){ref-type="fig"}). The analysis results are re-emphasizing that the *azurin* gene is conserved and it may be related the important function of this protein.

The circular dendrogram was constructed according to the sequences alignment and divided the sequences into 26 STs, in which the sequences from Iranian strains were distributed in 17 STs, and the sequences reported from all other countries were spread over nine STs. Among the Iranian sequences, 48 (81%) sequences belonged to two main clusters, but 11 sequences were distributed in other clusters together with the sequences from different countries ([Figure 4](#F0004){ref-type="fig"}), emphasizing the probable role of the isolates' geographical location on *azurin* gene nucleotide sequence variation. This may suggest that somehow related strains from Iran have made a genetic stockpile through point mutations, which has established them distinct from strains of rest of world.

The sequences of 13 environmental strains (from hospital or dental clinic sewage and marine) were distributed in five STs together with the clinical strains ([Figure 4](#F0004){ref-type="fig"}), which may be due to (i) the contamination of hospital or dental clinic sewage by clinical strains or (ii) inefficient disinfection of hospital or dental clinic sewage, which might have caused the contamination to be disseminated to clinics and caused infections.

The multidimensional layout of global analysis of *azurin* gene in different strains of *P. aeruginosa* ([Figure 5](#F0005){ref-type="fig"}) determined that all isolates were originated from a common ancestor and divided the isolates into two main branches, one of which contained Iranian isolates. Two clinical strains from India and USA (CR1 and AR-356) were absolutely fell apart.

The present study results demonstrated that the strains isolated from blood samples of patients with systemic infections belonged to several clusters and STs; thus, it seems that the *azurin* gene sequence does not have effect on the infection type.

The results of *azurin* gene expression among the sequenced isolates demonstrated that the expression of *azurin* gene was significantly higher in the strains isolated from blood than in those isolated from wound, catheter, and tissue (*p*\< 0.001; [Figures 3](#F0003){ref-type="fig"} and [6](#F0006){ref-type="fig"}). The former isolates were obtained from patients with systemic infections which ultimately resulted in their deaths. This is probably related to the contribution of azurin protein to the pathogenicity and the possibility of bacterial attachment, invasion (our previous study)[@CIT0016],[@CIT0017] and survival in blood. According to the results, it was assumed that the interference or inhibition of azurin function probably led to the destruction of invasion or systematic pathogenicity of *P. aeruginosa*.

Overall, there are limited studies concerning *azurin* expression. It was found that *azurin* is highly expressed in anaerobically constructed biofilms in cystic fibrosis patients.[@CIT0005] This implies the significant role of azurin in *P. aeruginosa* infection, especially in cystic fibrosis patients. Furthermore, it was previously determined that azurin protein induces apoptosis in macrophages involved in phagocytosis.[@CIT0007] It seems that a high level of *azurin* expression in blood isolate strains may correlate with its role as an apoptosis inducer in macrophages, which helps its dissemination and increased pathogenesis.

It is worth noting that in this study, no obvious correlation was detected between the *azurin* sequence type and the level of expression, signifying the importance of clinical source of isolation as the main crucial factor affecting *azurin* expression level. This increased expression may be due to the presence of stronger *azurin* promoters in these strains, indisputably explaining why these strains escaped the host immune system and disseminated into the bloodstream.

Conclusion {#S0006}
==========

This study revealed the presence of *azurin* gene in all clinical isolates of *P. aeruginosa*, which was highly conserved with point mutations occurring in only eight positions, resulting in only two amino acid substitutions (missense mutation) at positions 81 and 102 (alanine to threonine). It seems that the point mutations have no effect on the virulence potency of *P. aeruginosa*. The multidimensional layout of global analysis of *azurin* gene revealed that the majority of Iranian sequences (81%) were allocated in two main clusters distinct from the rest of world, which suggests that Iranian strains have made a distinct genetic stockpile through point mutations which has established them separate from the other counties. However, 19% of Iranian strains were distributed in similar clusters together with strains from different countries of North and South America, Europe, South and East Asia.

The expression of *azurin* gene was significantly higher in the strains isolated from blood of patients with systemic infections, which may demonstrate their increased pathogenicity and ability to escape the host immune system and disseminate into the bloodstream. This finding may open new insight about *azurin* genetic variation and significance in *P. aeruginosa* pathogenesis.
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